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Summary 

We have cloned a previously undescribed adhesion 
molecule, VGAM-1, which is induced by cytokines on 
human endothelial cells and binds lymphocytes. Us- 
ing a novel method requiring neither monoclonal anti- 
bodies nor purified protein, VCAM-1-expressing clones 
were selected by adhesion to human lymphoid cell 
lines. VCAM-1 mRNA is present in endothelial cells at 
2 hr after treatment with IL-1 or TNF-a and is maintained 
for at least 72 hr; leukocyte binding activity parallels 
mRNA induction. Cells transfected with VCAM-1 bind 
the human leukemia lines Jurkat, Ramos, Raji, HL60, 
and THP1, but not peripheral blood neutrophils. VCAM- 
1 which belongs to the immunoglobulin gene super- 
family, may be central to recruitment of mononuclear 
leukocytes into inflammatory sites in vivo. 



Introduction 



Multiple lines of evidence indicate that inflammatory reac- 
tions are modulated by the interaction of circulating leuko- 
cytes with adhesion molecules on the luminal surface of 
blood vessels. These vascular cell adhesion molecules 
(VCAMs) arrest circulating leukocytes and thus perform 
the first step in their recruitment to infected or otherwise 
inflamed tissue sites. A growing body of evidence indi- 
cates that VCAMs may serve multiple functions, both nor- 
mal and abnormal. They may play important roles in a 
wide range of pathological states involving cell-cell recog- 
nition, including tumor invasion and metastasis and viral 
infection, as well as various inflammatory syndromes 
such as tissue repertusion damage and allograft rejection 
(for review see Harlan. 1985; Wallis and Harlan. 1986; 
Bevilacqua et a!., 1987b; Cotran and Pober. 1988). Conse- 
quently, intensive effort has been devoted to their charac- 
terization. 

To date two cytokine-inducible VCAMs. intercellular 
adhesion molecule 1 (1CAM-1) and endothelial leukocyte 
adhesion molecule 1 (ELAM-1), have been cloned and 
characterized (Simmons et at.. 1988; Staunton et aL. 
1988; Bevilacqua et al. t 1989). 1CAM-1 is found on many 
cell types, and its expression on vascular endothelium is 
strongly up-regulated by the inflammatory cytokines inter- 
leukin 1 (IL-1), tumor necrosis factor a (TNF-a), and inter- 
feron y (IFN-y). both in vitro and in vivo (Pober et al., 1986; 
Dustin and Springer. 1988; Cotran and Pober, 1988). Its 
ligand is lymphocyte function-associated antigen 1 (LFA- 
1), one of a trio of heterodimeric molecules known as the 



integrins or the CD11/18 family (Dustin ^et aL 1986: 
Rothtein et al.. 1986; Martin and Springer, 1987). ELAM-1, 
initially defined by a monoclonal antibody (MoAb) that par- 
tially blocks polymorphonuclear leukocyte (PMN) adhe- 
sion to cytokine-treated human umbilical ve.n endothelial 
cells (HUVECs). is a cell surface protein rapidly synthe- 
sized by HUVECs in response to the inflammatory cyto- 
kines IL-1 or TNF-a but not lFN-y (Bevilacqua et al.. 1987a). 

Neither ELAM-1 nor 1CAM-1 can account for the lym- 
phocyte adhesion to cytokine-treated HUVECs observed 
in vitro ELAM-1 is selective for PMNs. and perhaps mono- 
cytes but does not bind lymphocytes (Bevilacqua et al.. 
1987a 1989- our unpublished data). Although the tCAM-1- 
LFA-1* pathway does function in lymphocyte adhesion 
MoAbs that block the LFA-1 pathway only weakly inhibit 
the binding of lymphocytic cells to activated endothelium 
(Haskard et al., 1986; Dustin and Springer. 1988). pro- 
viding evidence tor another pathway. Furthermore, in pa- 
tients with a genetic deficiency of CD18 and hence of 
LFA-1 lymphocyte recruitment into inflammatory sites is 
normal, despite profound defects in recruitment of phago- 
cytic cells (Anderson and Springer. 1987). indicate of an 
as yet uncharacterized lymphocyte migration pathway in 
vivo as well as in vitro. 

We have functionally characterized the induction of a 
novel VCAM for lymphocytes. To clone the cDNA for this 
protein, we screened an IL-Vinduced HUVEC expression 
library. To obviate the need for antibodies or purified pro- 
tein with which to pan for transfected cells expressing the 
molecule, we developed a new screening procedure 
based on a functional assay for cell-cell adhesion, in con- 
junction with a subtraction technique to enrich our library 
for cDNAs of interest. We have used this method to clone 
both ELAM-1 and. as described here, a novel adhes.on 
molecule for lymphocytes. VCAM-1. 



Results 

Lymphoid Cell Lines Bind tc a Novel Adhesion 
Molecule on Cytokine-Treated HUVECs 
We have recently cloned ELAM-1 (Hession et al., unpub- 
lished data), allowing us to examine the adhes.on of hu- 
man lymphoid cell lines to control and E^"^ 
fected COS cells and to control and cytok.ne-treated 
HUVECs (Table 1). The T leukemia line Jurkat and EBV- 
transformed B cell line Ramos bind preferentially to in- 
duced HUVECs. as does the promyelocyte line HL5Q. Tne 
B lymphoblasioid line JY shows strong binding to un- 
treated HUVECs. with slightly increased binding to cy- 
tokine-treated HUVECs. consistent with published data 
(Dustin ano Springer. 1988). However, none of the lym- 
phoid lines shows a preferential interaction w.th ELAM- 
1-transfected COS cells (Table 1). in agreement with the 
suggested role of ELAM-1 in PMN but not peripheral blood 
lymphocyte adhesion in vivo (Bevilacqua et al., 1987a. 

19 To 9 examine the contribution of the ICAM-vLFA-1 path- 
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Table i. Adhesion ol Cell Unes to TNFu-taduced HUVECs 
and EUM-1-Translected COS7 Cells 



HUVEC (calls sound/mmi) COS7 (calls boun d/mm*) 
Target Cell Control , nauC6d £^ ELAuTi 



i Ufkat 40 29 16 2 223 32 *4 ^TJ Q 

Ramos l6 * 1 3240 * 40 35 * 5 60 ~ 5 

ilfin 2600 * 125 3*5*66 215 * 46 298 14 

HLS ° 6 *' 2655*155 65 * 5 1635 * 115 

HU?EC^' T flre inCUbalM '° r 10 31 r00m ««"P««ur. with 
™«k ?t yefS ^' ther UntrBa,6d (COmr01 ' or ,reated 10 ng/ml 
l!^ 3 " " m T, rNF - C ' ° f Wi,h C ° S7 layers that had been 
^ectroporated w,,h CDM8 (vector) or EU M . 1/C DM8 72 hr previous- 
tar 4 T m °' HUVECS W3S ,0r 24 hr exce P l Hl -60, which was 
,^nl', mean * d8viation °' Quadruplicate de- 
Z™i y* " experiment ' ™P«sentative of at .east three ex- 
pariments. 
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Z,iHUuvf d S '° n °' lymph0id ce " lines ,0 Wkine- 
treated HUVECs, Ihe effect of a blocking MoAb was deter- 
m.ned. MoAb 603. which binds to an epitope on the 
common 0 chain of the CDl 1/C018 family to which LFA-1 
belongs, completely inhibits the binding of JY cells to ei- 
ther control or cytokine-treated HUVECs (Figure 1A) con- 
sistent with published data showing that JY adhesion to 

£Z ? S 15 8n " y LFA ' 1 media,ed < Dustin and Springer, 
1988) in contrast. MoAb 60.3 has no effect on the adhei 
s.on of Ramos or Jurkat cells to cytokine-treated HUVECs 
(rigure 1A). 

To characterize this interaction further, the cytokine sen- 
sitivity and time course of induction of Ramos and Jurkat 
cell adhes,on were examined. Adhesion of either cell line 
occurs after treatment with IL-1 (10 U/ml) or TNF-a (10 
ng/ml) but not IFN-y (10 ng/ml) (data not shown). Adhesion 

llZ 1^ iS detectab,e al 2 hr - caches maximal 
levels at <u 6 hr, and is sustained for at least 48 hr (Jurkar 
Figure IB). * ' 

These data indicate that certain lymphoid cell lines bind 
to a novel cytokine-induced VCAM on endothelial cells To 
clone th.s molecule, we used Ramos and Jurkat as repre- 
sentative cell lines for screening a direct expression li- 

Direct Expression Cloning of VCAM-1 

cDNA was prepared from HUVECs treated for 2J5 hr with 

L-land cloned into the expression vector CDM8 (Seed 
1967) Th.s library was screened with a twice-subtracted 
cDNA probe of IL-1-induced HUVEC cDNA minus unin- 
duced HUVEC mRNA. and a sublibrary was picked from 
this screen. The sublibrary was rescreened bv hybridiza- 
tion with probes for ELAM-1 and ICAM-1, leaving 125 
clones that hybridize with the subtracted cDNA but not 
with ELAM-l or ICAM-1. These Cones were pooled !n 
groups of five and each pool was transfected into COS 
cells by spheroplast fusion; cells were then screened for 
adhesion to fiuorescently labeled Ramos (or Jurkat) cells 
48 hr following fusion. Ramos cells gave somewhat better 
results because the background binding to COS cells was 
consistently low, while Jurkat cells often gave high levels 
of background binding. 
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HUVECs Bindi " 9 °' Ram ° S and Jurkal Ce,ls 10 Cytokine-induced 

(A) Antf-CD18 (MoAb 60.3) does not inhibit Ramos or Jurkat eel! binding 
o TNF-«-treated HUVECs. Ramos, Jurkat, and JY cells were assayed 
tor bmd.ng to control HUVECs and HUVECs treated with TNrVa for 24 
hr as desenbed in Experimental Procedures. Anti-CD18 treatment was 
performed by .ncubating target cells with MoAb 60.3 at a concentration 
of 10 ug/ml for 30 min at room temperature prior to assay 

(B) HUVEC binding to Jurkat cells is maintained at least 46 hr after 
TNF~a treatment. TNF-a at 10 ng/mf was added to HUVEC culture 
med.um at the indicated time prior to assay. Results are the mean of 
quadruplicate measurements in one experiment, representative of al 
least three experiments: standard deviations were less than 15%. 



Plates were scanned visually using a fluorescence mi- 
croscope, and rosettes, consisting of Ramos cells adher- 
ing to a COS cell, were picked with a Rainin Pipetman (pri- 
mary screen). Plasm id was rescued from each rosette, 
electroporated into bacteria (Dower et al., 1988), ampli- 
fied, transfected into COS cells by spheroplast fusion, and 
rescreened with Ramos cells (secondary screen). One ro- 
sette of eigni from the first primary screen yielded numer- 
ous large rosettes on the secondary screen (Figures 2a 
and 2b). Six individual plasmids from the original rosette 
were analyzed by gel electrophoresis, and the largest one, 
with a cDNA insert of 2Z kb, was electroporated into COS 
cells; when panned with Ramos or Jurkat cells, large and 
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Figure 2. Functional Detection and Isolation of a VCAM-i cDNA Clone 

(a) COS cells transfected by spheroplast fusion with the induced HUVEC sublibrary were incubated with CFD-labeled Ramos cells and washed 
(primary screen); the indicated small rosette was picked with a Pipetman P2O0 (Rainin). , ■ . >■ 

(b) Plasmid DNA rescued from the rosette in (a) was electroplated into bacterial host cells and transfected by spheroplast fusion into COS cells, 
which were incubated with CFO-labeled Ramos cells ana washed as before (secondary screen): a representative of the resulting large rosettes is 

(c) Plasmid minipreps were prepared from six bacterial colonies obtained from electroporation of tne DNA rescued from the rosette in (a). The plasmid 
with the lamest insert size (2.8 kb) was electroporated into COS cells, which were panned as before. Numerous large rosettes were seen. 

(d) VCAM-1/CDM8 electroporated into COS cells and panned with CFD-labeled Jurkat ceils. Each bar represents 100 urn. 



numerous rosettes were present (Figures 2c and 2d). This 
clone was designated VCAM-1/CDM8. 

VCAM-1 mRNA and Genomic DNA 
- The VCAM-1 cDNA was used as a probe to characterize 
the time course of induction and cell-type distribution of 
VCAM-1 mRNA. VCAM-1 mRNA is approximately 3200 
nucleotides in length and is barely detectable in unin- 
cuced HUVECs or HUVECs treated (or 1 hr with TNr-a, 
but levels increase greatly by 2 hr after induction by TNF-a 
and remain high for at least 72 hr (Figure 3A). These 
results are consistent with the time course of adhesion: 
binding is detectable 2 hr after cytokine treatment and is 
sustained for at least 48 hr (Figure 1B). This induction is 
somewhat slower and more long-lasting than that ob- 
served for ELAM-1 mRNA, which is maximally induced 
within 1 hr after cytokine treatment but drops significantly 
after 24 hr (Figure 3B). 

RNA from several human cell lines and tissues was 
screened by Northern blotting for the presence oi VCAM-1 



sequences (data not shown). Untreated HL60 cells and 
HL60 cells treated with the differentiating agents retinoic 
acid and IFN-y were included to determine if VCAM-1 
mRNA could be induced in these cells; neither of the treat- 
ments induced VCAM-1 mRNA. Human erythroleukemia 
(HEL) cells, both treated with PMA and untreated, were in- 
cluded because these cells contain platelet a-granule- 
like organelles and exoress a number of proteins found in 
both platelets and enaothelial cells (Tabilio et al., 1984); no 
VCAM-1 mRNA was observed in HEL cells. The highest 
concentrations of VCAM-1 mRNA were present in induced 
HUVECs. tonsil, and kidney; a very faint signal was de- 
tectable in placenta and no signal was present in liver. Hy- 
bridization of the VCAM-1 probe to human genomic DNA. 
digested with various restriction enzymes gave a simple 
pattern consistent with the presence of one gene (data not 
shown). 

Nucleotide and Amino Acid Sequence 

The cDNA insert of VCAM-1/CDM8 is 2811 bp in length. 
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Recombinant human TNF-a was added to the medium of HUVECs 

P^ore^ ^ ro P u"h? B " rniCrograms °< each was electro- 

Gene S~„T f a 9 aro ^°^aldehyde gel and transferred to 
^ w^7" i r,!? 91 ^ Nudear/Du ^ < A > The «« was hybriJ! 
S5£? a * d,olat »^ VCAM-1 cONA insert. (8) The same blot hy- 



and contains 106 bp of 5' untranslated sequence, a 1941 
bp open reading frame, and 734 bp of 3' untranslated se- 
quence (Rgure 4). Hydrophobic^ analysis and compari- 
son with known cleavage patterns predict a signal peptide 
Of 24 amino acid residues (von Heijne. 1986; Figure 4) 
The mature protein is predicted to consist of a 582 amino 
acid extracellular domain. . 22 amino acid transmem- 
brane region, and a short. 19 residue cytoplasmic tail, with 
a molecular weight of about 69.000. The extracellular do- 
main contains six potential N-linked glycosylate sites- if 
these sues are glycosylated the predicted M f of VCAM-1 
is about 90,000. - 

Homologies to Other Proteins 

The amino acid sequence of VCAM-1 was analyzed for ho- 
mology to other proteins in the NBRF and NEW data 

? 9 1™ 9 Pr ° 9ram FASTP (Lipman 

1985). All homologies detected were to proteins of the im- 



munoglobulin (Ig) gene superfamily. Members of this su- 
perfamtly are characterized by the presence of one or 
(usually) more Ig homology regions, each consisting of a 
d.sulfide-bridged loop that has a number of antiparallel 
P-pleated strands arranged in two sheets. Three types of 
Ig homology regions (C. V. and H. also known as C1 V and 
C2) have been defined, each with a typical length' and 
consensus of amino acid residues at certain positions rel- 
ative to the two cysteine residues that form the bridge (for 
reviews see Hunkapillar and Hood. 1989; Williams and 
Barclay. 1988). By manual alignment, VCAM-1 was found 
to contain six Ig homology units of the H type (Figure 5) 
U"jts2a nd_4 are strikingly simila rs are units 3 and 5 
i£dicatin^k^^ may haveTieViFtcT eased in size 
at some point during its evolution by duplication of the 2-3 
tandem unit. VCAM-1 belongs structurally to a subset of 
the superfamily that includes ICAM-1. neural cell adhe- 

2 n n°'! CU ' e (NCAM) * ^'^soc-'ated glycoprotein 
(MAG), biliary glycoprotein 1 (BGP-1). and carcinoembry- 
on.c antigen (CEA). The percentage of amino acid identity 
between VCAM-1 and these proteins in their most homolo- 
gous regions as determined by FASTP and their ALIGN 
scores (Dayhoff et al., 1983) are shown in Table 2. Inter- 
estrngly. FASTP did, not, rWesllGAM^^ 
1989) homology with VOAM-1 1 _aljhoy^A^ 
sggreofSSP above random. Comparison of the VCAIvM 
cONA sequence with the GenBank data base revealed no 
significant homologies. 

Cell Adhesion to VCAM-i-Transfected COS Cells 
Binding of a series of human leukocyte cell lines to COS 
cells transfected with control (CDM8) or VCAM-1/CDM8 
plasmid DNA was examined (Table 3). As expected. Jurkat 
and Ramos cells bound selectively to VCAM-1-trans 

^^n Cte u d | C c!! IS, WhHe JY CBl,S did n0L The P^yelocytic cell 
nne HL60 and the human monocytic cell line THP1 also 
bound to VCAM-1. Since HL60 cells bind well to ELAM-1 
(Table 1). this suggests that these cells use at least two 
adhesion pathways to adhere to cytokine-treated HUVECs 
PMNs showed no selective adhesion to VCAM-1-trans- 
fected COS cells (Table 3), despite binding well to ELAM- 
1-transfected cells in parallel assays. Both peripheral 
blood lymphocytes and T lymphoblasts show significant 
basal COS cell binding, making an examination of their 
specific adhesion to VCAM-1-transfected cells difficult 
However, in preliminary experiments, MoAb 4B9 which 
reacts selectively with TNF-a-treated HUVECs and biccks 
Ramos cell adhesion (T. Carlos. B. Schwartz, and J Har- 
lan, personal communication), binds to VCAM-1 and par- 
tially jnhibits the binding of both T lymphoblasts and 
peripheral blood lymphocytes to HUVECs treated with 
TNF-a for 24 hr (Lobb and Osborn, unpublished data) 
Taken jointly, these results suggest that VCAM-1 binds 
selectively to lymphocytes and perhaps monocytes but 
not to granulocytes. 

Discussion 

Immunology, cancer biology, and the study of pattern for- 
mation during morphogenesis all have contributed to our 
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c&&ccctc*ctcccitc*c&*cctc**taccctccc»cgcacacacacct&cc*c*c***ta*cwtttWacc*ct;ttttctcatc*ccacacc*a 

CTTAaaaTGCCTGCCaa&ATCGTC&TGATCCTTGGAGCCTCAAATATaCTTT^^ 

MPGnUVVtLG* 5 N I L**1**F** ._5 £1 *_ ' * 1 / . 

a aTCT aGa T a T CTTGC TCA&a TTCGTGACTCCCTCT C A T TG*C7 TGCaGCACC ACAGGCTGTGAGTCCCCATTT T TC j'* 
SHV L *OIGOSVSLTCSTTGCESPFfS w,ITUiu » 

TCCaCTGa atGGGaiGGTGaCGaaTGaGGGGaCC AC a TCT aCGCTCaCaa tGa a TCCTGTT aGTTT T&GGA aCGA aCaCTCT TACCTGTGC aC agCa ACT 
PLNC*VTM£GTTSTLTMHPVSFGHE«S¥L C .T 

TGTGAATCT AGGaaaTTG&aaaaaGGaaTCCaGGTGGaGaTCTaCTCTTTTCCTaaGGaICCaGaGaTTCaTTT&aGTGGCCCTCTGGaGGCTGGCAAGC 
Ce$R»tE*-CI0VCl¥$FPil0PeiMLSCPU€^6ilP 

CGATCACAGicAAGTGTTCAGTTGCTGATGTATACCCATTTGACAGGCT&GAGATAGACTTACTGAAAGGAGATCATCTCATGAAGAGT^ 

ITVKCSVA0V¥PF0BL610LL»lG0 rlLU<Sat»-L 

GGAGGaTGC aGaC*GGaaGTCCCTGGaaaCCA AGAGTTTGCA aGTAaCCTTTaCTCCTGTCaTTGAGGATaTTGGaaaaGTTCTTGTTTGCCGAGCTAaa 
£O A0a»SL£TKSt.EvTFTPVlEOlG«VLVCH*K 

TTACACATTGATGAAATGGATTCTGTGCCCACAGTAAGGCACGCTGTAA^GAATTGCA^TCTACATATCACCCAAGAiTACAGTTATTTCTGTGA^C 
LM , DE- 05vPTvRQAv*euOvy| s P * n T v I 5 v n 

C aTCC aCaa AiiC^GC A aGa aGGT GGCTCTGTGACC A TGACC TGT TCC aGCGAGG&TCT aCCaGCTCCaGAGa T T TTCTGGA&T aaGA aaT T aGa T A aTGG 
ST*lQEGGSV THTCSSeGLPAPeiF«S«KI.ON t > 

GaaTCTaCaGCaCCTT TCTGGAaaTGCa^CTCTCacCTTaa TTGCT aIGaGGaTG&AAGaTTCTGGaaTTTaTGTGTGTGAAGGaGTTaaTTTGaTTGGG 

K L 0 * I S G h * T (.Tt. lAMR«EOSGlvvCEGVN Ll& 
aa aaaCAGaaaaGaGGTGGaa T T aa T TGT TCa aGCaTTCCCT aGaGaTCC AGa aa TC&aGATGaGTGGTGGCCTC&T6a^_TG^GACCTCTGTCACTGT a a 
fc „RKEVEl.IVOAFP«DPtlE«SCCLV H G S S V T V S 

GCTGCaa&GTTCCTaGCGTGT acCCCCTTGaCCGGCTGGaGATTGaaTTaCTT aaGGGG&aGaCT ATTCTGGaGaaTaTaGaGTTTTTGGaGGAT aCG&A 
CKVPSVYPLDRLEieLLK&eTILENlEfLtu 

TaTGAAATCTCT aGaG AaC* a a a GTTTGGaaaTGaCCTTC ATCCCT aCCATTGaaGA T aCTGGAAAAGCTCTTGTTTGTCAGGCTAaGTTaCaTATTGAT 
U K S L E N K S LEHTFIPTieOTCltALVCOAilLHIO 

GACATGGAAiTCGAACCCAiACAAAGGCAGAGTACGCAA^ACTTTATGTCAATGTT&CCCCCAGAGATicAACCGTCTTGCTCAGCCCTTCCTCCATCC 
0MeFe pK 0R QST0TLYVNVAPR0TTVLVSP S5It. 

TGGAGGAAGdcAGTTCTGTGAAT^CAiGCTTGAGCciGGGCTTTCCTGCTCCGAAAATCCTGTGCAGCAGGCAGCTCC^ 

E E G S S V h m T CLSQGFPAPKILWSRQ1- P ' t, * = '- W 

tctttctgaga^j^ctct^ 

GAAGTGGAA TTAATT ATCCAAGTTACTCCA A A AGACATA A AACTTACAGCTTTTCCTTCTGAGaGTGTCAAAGAAGGaG^ 
EVELIIOVTPKDIULTAFPSESVRCWW 

CATGTGGAA ATGTTCCAGAAACaTGGATAATCCT&A AGAAAA^ 
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acatgaaggggtcatatagIcttgtagaagcacagaaatcaaaagtgtagctaatgcttgatatgttca^tggagacactatttatctgtgcaaatcct 

hkGSvSLVEaqk s * v * 
tgatactgctcatcattccttgagaaaa ac a atgagctgagaggcagacWccctgaatgtattgaacttgga aaGaaaTGCCCATCTATGTCCCTTGCT 

GTGAGCAAGiAGTCAAAGTAAAACTTGCTGCCTGAAGAACAGTAACTGCCATCAAGATGiGAGAACTGGiGGAGTTCCTTGATCTGTATATACAATAACA 
230 1 TAATTTGTaCaTaTGTAAA AT A AAATTATGCCATaGCaaGATTGCTT AA AATaGCAACACTCTATATTTAGATTGTTAAAATaACTAGTGTTCCTTGGAC 
2 A01 TATTATAATTTAATGCATGTTAGGAAAATTTCACATTAATATTTGCTGACAGCTGACCTfTGTCATCTTTCTTCTATTTTATTCCCTTXCACAAAATTTT 
250l aTTCCTaTaTa GTTTATTGACa ataa tttcaggttttgtaaagatgccgggttttatatttttatagacaaataataagca aaGGGAGC aCTGGGTTGaC 
:60i tttcaggtactaaatacctcaacctatggtataatggttgactgggtttctctgtatagtactggcatggtacggagatgtttcacgaagtttgttcatc 

2701 aGACTCCTGTGCa aCTTTCCCaaTGTGGCCTAA A AA TGCA ACTTCTTTTTaTTTTCTTTTGTAAATGTTTAGGTTTTTTTGTATaGTAAAGTGaTAATTT 
2801 CTG&AATTAAA 2611 

Figure 4. Nucleotide and Deduced Amino Acid Sequence of a VCAM-1 cDNA 

The predicted signal sequence (beginning at nucleotide 107) and transmembrane region (beginning at nucleotide 1925) are underlined; 
N-linted giycosyiation sites are both unoerlined and overiined. 
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understanding of the mechanisms by which expression of 
adhesion molecules influence both normal and patholog- 
ical functions involving cell-cell recognition. Adhesion 
molecules often perform more than one normal function 
and have been implicated in pathological events such as 
viral infection and neoplastic cell migration and/or metas- 
tasis. 

To date, the identification, characterization, and cloning 
of cellular adhesion molecules have required the genera- 



tion of specific MoAbs or purification of quantities of pro- 
tein or functional ligand. However, with the cloning of both 
ELAM-1 (Hession et al.. unpublished data) and, as de- 
scribed here, VCAM-1, we have established a more gen- 
eral method for the direct expression cloning of adhesion 
molecules. Cell-cell adhesion screening detects clones 
that are, by definition, functional; more importantly, it re- 
quires no prior knowledge of the structure of the protein 
or its cognate ligand. We believe this method should be 
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Figure 5. Domain Structure of VCAM-t 
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Several lines of evidence are consistent with an impor- 

V 0 ^, CAM "l in lymPh0Cy,e reCrUi '-'" ^ 
Rrst VCAM-1 is rapidly induced by the key inflammatory 

48-tz h . Th.s time course parallels the sustained mono- 
nudear teu ocytic inflation seen in classic detayed ht 
persensrt,v,ty reactions (Dvorak e« al.. 1980). Second 
HUVECs ln v „ro have been shown to be a valid mode 
for po«cap,nary venules in vivo, since both .CAM-T and 

ShT « PreSer " b0th °" ^ine-treated HUVECs 
and at inflammatory sites in vivo and are induced in vivo 
by local paction of cytokines (Cotran and Pober 1988 
Munro e. al ,989). Third, in frozen section assays o, hu 

vessels but not to normal vessels, consistent with the 
presence ,n vivo of lymphocyte-selective, induced VCAMs 

that VCAM-1 may be a central mediator of lymphocyte 
recrurtment into inflammatory sites in vivo Pn0Cyt ° 

of vrA« 6 , e w en J ly invesl, '9 atin 9 *° nature of the ligand 
Of VCAM-1. We have found that VCAM-1-leukocyte bind- 

Lobb ^P"""*""*". energy-requiring process 
(Lobb and Osborn, unpublished data), consistent with the 



interaction of VCAM-1 with an integrin, an attractive model 
by analogy with ICAM-1 binding to LFA-1, a B, integrin B, 

S^mT inVOlVed " bindi " 9 °' Jurkat ° r Ra ™* 
to inhibit th 8l r adhesion to induced HUVECs (Figure 1A) 

,nl ?rt ranS ' eCted Ce " S (data n0t show ")- 

mgly. it has been reported that high levels of CD29 the B, 

subunit shared by the very late antigen (VLA) gnjup 0 

integnns, are characteristic of a subset of lymphocytes en- ' 

nched in chronic inflammatory sites such as the synovia ' 

of rheumatoid arthritis paUents (Pitzalis et al., 1988) Pre/ 

liminary experiments indicate that antibodies to CD29 can 

completely inhibit binding of Ramos to VCAM-1 (M. Elices 

M- Hemler. R. Lobb. and L. Osborn, unpublished data).' 

implicating one of the VLAs as a ligand for VCAM-1 

Multiple functions have been identified for the closest 

re.at.ves of VCAM-1. ICAM-1, for example, is present on 

many ceU types, including cytokine-induced endothelial 

cells, and normally functions as an accessory module 

iS rl* '■ . US,i " and Sprin9er ' 1988 »- ln a <"««°n. 
ICAM-1, CEA, and nonspecific cross-reaaing antigen are 
h£hly expressed on several types of tumor cells (Rogers 
983; Johnson et al., ,989). This has led to speculation 
that ectopic expression of these adhesion molecules may 
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Table 3. Adhesion ot Cell Unas to VC AM- 1 -Translated 
C0S7 Cells 



Cells Bound/mm 2 



Target Cell 



COM3 



VCAM-1 



Jurkat 
Ramos 
Raji 
JY 

HL60 
THP1 
PMN 



19 ± 4 
7*2 
2 = 1 
390 * 125 

9iZ 
244 * 11 
10 £ 4 



780 - 82 
458 =: 63 
130 ± 24 

476 * 85 

477 * 68 
1601 £ 56 

15=4 



Target cells were indicated for 10 min at room temperature with COS7 
monolayers that had been electroporated with CDM8 (vector) or 
VCAM-1 /CO MS 72 hr previously. 



increase a tumor's ability to invade and to metastasize. Fi- 
nally, several Ig superfamily members have been sub- 
verted to function as viral receptors: ICAM-1, CD4, and the 
poliovirus receptor allow infection of cells by rhinovirus. 
HIV, and poliovirus, respectively (reviewed in White and 
Littman, 1989). It will be of interest to determine if VCAM-1, 
like its nearest relatives, also has multiple functions in 
health and disease. 

In sum, VCAM-1 is induced on the surface of endothelial 
cells within hours of stimulation by the inflammatory 
cytokines 1L-1 or TNF-a and remains at high levels for at 
least 72 hr after induction. These characteristics are con- 
sistent with a role in recruiting immune-competent cells to 
sites of infection or aseptic inflammation; the induction ki- 
netics indicate that VCAM-1 may play a role in both acute 
and chronic inflammation. The range of cells to which it 
binds suggests involvement in recruitment of both T and 
B lymphocytes and perhaps monocytes but not granylo- 
cytes. As discussed above, adhesion and recognition 
mechanisms gone awry may cause or contribute to a 
number of disease states involving differentiation or the 
immune system. Molecular characterization of adhesion 
pathways involved in normal tissue development and 
physiology will improve our ability to understand and per- 
haps to correct derangements of their function. In par- 
ticular, VCAM-1-dependent pathways of leukocyte re- 
cruitment may provide new intervention points for the 
correction of pathologies associated with acute and chronic 
inflammation. 

Experimental Procedures 



Ramos. Jurkat. Raji, K562. HL60. JY. THP1, and COST cells were ob- 
tained trom the American Type Culture Collection and maintained in 
RPMI. 10% heat-inactivated fetal bovine serum (FBS), 2 mM gluta- 
mine. except COS7 cells, which were grown in HEPES-butfered DMEM, 
10% FBS, 2 mM gJutamine. HEL cells were provided by Rodger P. 
McEvers and maintained in RPMI medium as above. HUVECs were 
isolated and subcultured as described {Gimbrone. 1976; Bevilacqua et 
al.. 1985): they were used tor adhesion assays or RNA isolation at pas- 
sages 3-5. PMNs were isolated (ram ijuicoagulated blood by gradient 
centriiugation (Lympnocyte Separation Medium. Organon Teknika Co.. 
Durham. NC). 3% dextran sedimentation, and hypotonic lysis (Boyum. 
1968). 



cDNA Library Construction 

RNA was isolated by the procedure of Chirgwin et al. (1979) trom 
HUVECs treated with recombinant human IL-lp (10 U/ml, B.ogen> tor 
25 hr and polytA)' RNA was isolated by two rounds ol chromatogra- 
phy on oligo(dT>ce«uiose (Pharmacia). A cDNA library was con- 
structed in the expression vector CDMB (Seed. 1987) by the method 
of Gubler and Hodman (1983). A subtracted probe was made by 
hybridizing 0.2 ug ot "P-labeied induced HUVEC cDNA with 30 ug ot 
uninduced HUVEC polyW' RNA, followed by HAP chromatography 
(Davis 1986); this subtraction was then repeated. One m.llion clones 
were plated on Gene Screen Plus filters (New England Nuclear), and 
replicate filters were screened with the subtracted probe as descnbed 
previously (Cate et al.. 1986). A sublibrary of 864 colonies (impure ow- 
ing to the high density of plating; we estimate 5-10 clones per pick) was 
picked into microliter wefls. Sublibrary arrays were reprobed w.th the 
subtracted probe and with 30 base oligomers to ELAM-1 and ICAM-1 
cONA sequences; wells that were positive for hybridization with the 
subtracted probe but negative with ELAM-1 and ICAM-1 probes were 
inoculated in pools of five for spheroplast fusion (total ol 25 pools). 

Cell-Cell Adhesion Screen 

COS7 cells in 100 mm plates were iransfected with the sublibrary pools 
by spheroplast fusion (Sandri-Goldin et al.. 1981: Seed and Aruflo. 
1987) Forty-eight hours later, they were screened with Ramos cells la- 
beled with carboxyfluorescein diacetata (CFD) as follows. Cells were 
labeled by suspending at 5 x 10* celts per ml in RPMI. 1% FBS. and 
adding 5 til per ml ol cells of CFD (Caibiochem) dissolved in acetone 
at 20 mg/ml (Brenan and Parish, 1984). After incubation at 3T»C for 15 
min cells were washed twice and suspended in RPMI, 1% FBS at 1 
x 10* cells per ml. Labeled cells (6 ml) were added to each washed 
COS plate, incubated at room temperature for 15 min, and washed 
three or tour times with RPMI. 1% FBS to remove nonadherent cells. 
The plates were then scanned by fluorescence microscopy for rosettes 
ol adherent Ramos cells. The pools could not be unequivocally identi- 
fied as positive or negative, so rosettes were marked on several plates 
by scratching the plastic dish with a needle, picked up under an in- 
verted microscope using a Pipetman P200 (Rainin), and transferred to 
microfuge tubes. We estimate that about 300 cells were transferred per 
rosette Since our spheroplast fusions typically yield l%-3% transfec- 
tants in control experiments, each rosette picked should yield three to 
nine types of plasmid (each amplified in its host COS cell). ,f the 
spheroplast fusion results in transfer of one bacterial plasmid on aver- 
age to each recipient COS cell. This estimate was consistent with anal- 
ysis of individual colonies rescued from each rosette. 

Hirt supematants were prepared from each rosette essentially as in 
Seed and Aruffo (1987). by adding 400 til of 0.6% SDS. 10 mM EDTA 
and gently vortexing: then 100 ul of 5 M NaCl was added, and the tubes 
were incubated overnight at 4»C. After spinning out debris, but before 
phenol-chloroform extraction. 10 ug of yeast tRNA was added as car- 
rier After precipitation and drying, the DNA was dissolved in 5 ul of 
water, and 25 ul of each DNA preparation was elect roporated into the 
bacterial host tor CDM8. MC1061/p3- Half of the bacteria were plated 
and halt put into liquid rulture overnight in LB, 125 ug/ml ampiallin. 
75 ug/ml tetracycline. Approximately 1000 colonies were typically ob- 
tained from each rosene: the liquid culture was frozen in 15% glycerol 
and used later to inoculate cultures tor secondary spheroplast lusion. 
A single positive clone was identified by two methods: a secondary 
screen using the liquid cultures as inoculum lor spheroplast fusion and 
an analysis of six colonies from each of the eight rosettes picked. The 
secondary screen resulted in one clearly positive plate of the eight 
tested, with numerous, large rosettes. Restriction analysis of plasmid 
DNA trom individual colonies followed by electroporat.on into COS 
cells of miniprep DNA Irom those colonies containing the hignest mo- 
lecular weight cDNA insert also resulted in a single positive done. 
VCAM-1/C0M8. from the same rosette that was positive in the second- 
ary screen. 

DNA Sequencing nk , kM , 
The cDNA insert of VCAM-1/CDM8 was subcloned into vector PNN11 
and sequenced by the method ol Maxam and Gilbert (1980); the se- 
quence was determined for 100% of both strands. 
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gels.el^^e^JT,' 0306 ' 3 ° m ° ' % aoa ^<™aldehyde 
hyWdbw with the YnSed^l ; IT ^ * al - 1986 >- ™* 

p^ff^^sir^^ * random 0,iaomer 

jected to au.oradiograp^ ' ^ Th6 fi,, <"* sub- 

Adhesion Assay 
HUVECs were plated in 4ft-w«n 

0 ng/m. (o , 24 hr prior to the adhesion aLvCo/ ^ * 
'ected by eleciroporation: 10 ug 0 f SST/fiS? ' ranS * 
Ptasmid DNA and 200 M g of ^S*^?" 8 ° f 
solved in 800 m of HeBS (20 m ^re S S7Ji'SS m ° NA WaS ^ 

COS cells that had ^ « "** '° 3 Pe,le ' " * 
trypsins™. The cell JZZ^^.TT™* hafV0Sled * 
"tan cuvette (Bie-Rad Z , T**"** l ° 

medium, resuspended in comni^ M ,n ^P' 916 

a, .„» ce„s per cm" "ZZZTe^rT ""'^ 
* 4B hr and were used after LT 7? ? r f ^ WBre confluent af * 
troporation o, CD4/COM8 fol C^^TT experi ™"* 
the transfection «to£1^*J™* ior CD4) 

method. Suspension ceZ^J* ■ 1 0 ' su,v,vm 9 using this 
labeled for 18 hr with 1 i r^f I «s * HL60, JY, THPi) were 
a-ed to their ^ 1 ^^2~"- 0r ^"i" 9 
resuspended at 2-3 x lo'permi mhT pnor 10 aSSay ' and 
as described (BevilacJ lZ K^Z****** ™* 
were quantified by tarid^M V ^* 601 radio,at >eled cells 
^roxidasetr^ 
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